Abstract A question is posed on how a particular subassembly sequence is generated in randomized assembly An extended design of mechanical conformational switches [16] 
of [17] ).
engineering, such as part orientation for high-volume assembly, and assembly of micro electromechanical systems (MEMS) . As in the case of biological randomized assembly, conformational switches could also play an important role in such randomized mechanical assembly. Our previous work on evolutionary design of mechanical conformational switches [16] was our first attempt toward understanding randomized conformational assembly of mechanical parts. In this article, we will extend that work to describe subassembly generation in randomized mechanical assembly. Figure 1 shows the simplified pathway for assembly of a type of bacteriophage, T4, which infects the bacterium E.coli strain B [2, 51 . The morphogenetic pathway clearly shows formation of a subassembly; a head and a tail form a head-tail subassembly, and this subassembly is then put together with tail fibers. For simplicity, let us write the assembly tree in Figure 1 in a list representation (F(TH)), where F, T, and H represent tail fiber, tail, and head, respectively. A question arises immediately: How did nature find the fixed subassembly sequence (F(TH)) out of all possible subassembly sequences? In particular, why not the other possible sequence, ((FT)H)?
As illustrated in the above example, our interest in this article is to find out how a particular subassembly sequence is generated in randomized assembly. We will approach the problem by extending our work on evolutionary design of mechanical conformational switches [16] . An extended design of mechanical conformational switches will be described that can encode several subassembly sequences. The concept of defect will be introduced to randomized assembly of mechanical parts. A [2, 5] and developed several computational models. Thompson and Goel [17, 18, 8] [7, 8] .
Berger, Shor, Tucker-Kellog, and King [1] developed a local rule theory for selfassembly of icosahedral virus shells. They assume that identical protein subunits take on a small number of distinct conformations. The local rules then specify, for each conformation, which other conformations it can bind to and the approximate interaction angles, interaction length, and torsional angles that can occur between them. By following this local information, the subunits form a closed icosahedral shell with the desired symmetry.
Mechanical Model of Conformational Switches
In the above work, conformational switches are simply predetermined numerical relationships. In contrast, Penrose [14] [11] [12] [13] developed a layered palletization technique, where parts are "palletized" by using vibration to convey them over a plastic "pallet" into which are carved an array of relief shapes that trap and orient the flowing parts. The first part is designed such that once a quantity is held in the pallet, it becomes integral with the pallet for the purpose of palletizing a quantity of the second part. Therefore, the second part palletization actually assembles the second part to the first part. Because many part insertions occur simultaneously, a very high assembly rate can be achieved. Yeh and Smith [20] used a (nonlayered) palletization technique similar to [13, 12] [3] experimented with the self-assembly of small hexagonal parts (1 mm in diameter) by placing a quantity of them on a slightly concave diaphragm that was agitated with a loudspeaker.
Models of Subassembly Processes in Biological Assembly
Here, we note two important investigations on subassembly processes in biological assembly. Due to the relevance to our work, these are described in some detail.
Crane [4] has provided a lucid discussion of the advantages of subassembly processes in the construction of complicated structures from elementary subunits. One that in the abstract representation, the right sliding bar after conformational change is drawn as the "pushed-in" state, representing that the bar is "free" to be pushed in. Figure 2c shows how interaction with another part induces conformational change in a minus device. Note that this is a conformational switch design for one-dimensional randomized assembly, where parts can be assembled in only one direction, say horizontally. In Figure 2c , therefore, one can place a part on the left or the right of another part, but not on the top or bottom. However, the model could easily be extended to the two-dimensional case. Note also that conformational change realized by a minus device is unidirectional and irreversible. In the top picture of Figure 2c , for instance, no conformational change is induced if the hatched rectangular part is placed on the right of the part with the minus device (unidirectionality). Also, because the minus device is not "spring loaded," it is impossible to reverse the conformational change (irreversibility). This implies that once a part changes its conformation and a bond is formed as a result, it will never be destroyed, that is, no detaching is possible.
The actual conformational switch design we use for subassembly generation consists of a "two-digit" bonding site as shown in Figure 3 Figure 6a . In such cases, we assume propagation goes upstream as defined in Figure 6b (priority to upstream propagation).
1.1 One-Dimensional Randomized Assembly with Defect As in our previous work [16] we will simulate the following robot bin-picking metaphor in our simulation of one-dimensional randomized assembly: Assume a random assortment of parts in a (one-dimensional) bin (Figure 7a ).
Step 1: The robot arm #\ randomly picks up a part from the bin. Then, robot arm #2 randomly picks up another part from the bin ( Figure 7b ). 
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Step 2: The two parts are pushed against each other, possibly causing formation of a bond ( Figure 7c ).
Step 3: The parts are randomly returned to the bin (Figure 7d ), possibly as an assembly.
Steps 1-3 are repeated until prespecified conditions are satisfied (e.g., repeat for a specified number of iterations, repeat until the number of parts decreases below a limit, etc.). It is assumed that the parts do not change their orientations, so in general, AB and BA are two distinct assemblies.
We follow Crane's assumption of defects [4] during the above randomized assembly process. Namely, we assume (a) with a certain probability two subassemblies (or two parts) are put together incorrectly, causing the resulting subassembly to be defective, and (b) the defective subassemblies cannot be incorporated into the subsequent subassemblies, so the parts in the defective subassemblies are completely wasted. In the scenario above, a defect could occur at Step 2 with a certain probability if two parts 
Examples
This section describes two examples of genetic optimization of one-dimensional conformational switches. The GA in the following examples uses a crowding population [9] with 10% replacement per generation, based on hamming distance between chromosomes, fitness proportionate (roulette wheel) selection [91, linear fitness scaling [9] with scaling coefficient = 2.0, and unless otherwise specified, crossover probability = 0.9 and mutation probability = 0.03-Also, reinforcement evaluation is performed as described in the previous section.
Before proceeding to the results, let us define our notion of subassembly sequences in one-dimensional assembly. We define a subassembly to be a set of one or more parts connected together. In particular, a part is a subassembly. A subassembly sequence is a sequence in which two subassemblies are put together to produce a final assembly. According to the above definition, any fixed (nonambiguous) subassembly sequence of a one-dimensional assembly can be represented uniquely by a binary tree (Figure 10a) or by a list representation (Figure 10b ).11 It is, however, often the case that the assembly sequence encoded by a conformational switch design is ambiguous, or under-specified. We use the notation {u} if (and only if) the subassembly sequence to build a subassembly u is not specified. In the case where u = xyz, for instance, {xyz} indicates that the three subassemblies x, y, and z can be put together in any order, that is, either ((xy)z) or (x(yz)).
I I Because we are dealing with one-dimensional assembly, the above binary tree representation can specify both a final assembly and the order of assembly, whereas in mechanical assembly an assembly tree usually specifies only the order of assembly. . In all three cases, the parts are designed such that only ABC can form through random mating (e.g., CAB is not possible). During assembly of ABC, however, 12 We assume defect probability of a bond depends only on the parts associated to the bond. In particular, we assume qAß = <)AißC> and q8c = <)(AB|C- 
Rate Equation Analyses of Three-Part Randomized Assembly
Discrete-time rate equation analyses are done to understand the emergence of a particular subassembly sequence in the above example. We generalize the rate equation formulation for defect-free randomized assembly [16] to incorporate the effect of defects in assembly. Given the part designs, their possible "reactions," and defect probabilities, the following recurrence relation describes the randomized assembly process described in Section 2.2: n(; + 1) = n(t) + Ap(t) (14) where n(i) is a vector of the numbers of each possible subassembly (including the defective ones) at iteration t, p(t) is a vector of probabilities for each possible reaction at iteration t, and A is a matrix of stoichiometric coefficients.
The following two reactions among parts A, B, and C are necessary and sufficient to produce an assembly ABC in the subassembly sequence ((AB)C))li:
The above reactions can be interpreted as "an A and a B, yield an AB with probability 1, and an AB and a C yield an ABC with probability 1." Assuming the defective subassemblies cannot be incorporated into the subsequent subassemblies, reactions (15) and (16) (19) where nA(t), nB(t), nc(t), nAB(t), nAB,,(t), nABC(t) and nABQl(t) are the numbers of A, B, C, AB, ABd, ABC, and ABCd at iteration t, respectively, and 5(0 is the sum of all the components of n(0-Similarly, in the case of (A(BC)), the Because both ((AB)C) and (A(BC)) are possible in the case of {ABC}, the rate equations for {ABC} are constructed by simply merging (19) and (22) Equation (14) is numerically solved for different initial conditions and defect probabilities, to compare the dynamic behavior of parts (and defective parts) in ((AB) C), (A(BC)), and {ABC}. Figures (A(BC)), whereas for q = (0.0, 0.2), the yield of (A(BC)) is approximately 5% better than the yield of ((AB)C). The above results support the results by GA runs shown in Figure 12 . It should be noted that in the case of no = (10, 20, 10) (20, 20, 10) BC)D) ), or (A(B(CD))). We refer to the set of these three subassembly sequences as {(AB)CD}, because they are the subassembly sequences that are not represented by {(AB)CD} among the five possible nonambiguous subassembly sequences in Figure 23 which takes the following three-step reactions: The above discussion leaves us only eight nonredundant combinations of conformational links, which encode five ambiguous subassembly sequences {ABCD}, {(AB)CD}, {(AB)CD}, {AB(CD)}, and {AB(CD)}, and three nonambiguous subassem- • Abundant parts should be assembled earlier rather than later.
• Parts with high defect probability should be assembled earlier rather than later.
There are several issues to note when interpreting the above results: (a) encoding power of a conformational switch model, (b) switch design versus sequence design, and (c) the sensitivity of yield to the initial concentration of parts. (A((BC)D) ), the subassembly sequences our conformational switch model cannot encode, yield better than (A(B(CD))), the best sequence obtained by the GA in the four-part randomized assembly with no by introducing the sliding bar mechanism described in [16] The number of nonambiguous subassembly sequences S" of an n-part one-dimensional assembly is S" = Í2 (2n).
Proof. Let k and / be positive integers such that k + I = n. Let us assume assembling n parts by assembling k parts and / parts separately, and then combining the ß-part subassembly and /-part subassembly. In this particular case, the total number of nonambiguous subassembly sequences of an n-part assembly is 5¿ S¡. 
